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SYSTEM AND METHOD FOR FUEL CELL
OPERATION WITH IN-SITU REFORMER
REGENERATION

BACKGROUND

The mvention relates generally to fuel cells and more par-
ticularly to promoting fuel reforming, reducing carbon depo-
sition 1n fuel cells, and 1increasing the operabaility time of fuel
cells.

Fuel cells are electrochemical energy conversion devices
that have demonstrated a potential for relatively high effi-
ciency and low pollution in power generation. A fuel cell
generally provides a direct current (dc) which may be con-
verted to alternating current (ac) via an inverter, for example.
The dc or ac voltage can be used to power motors, lights, and
any number of electrical devices and systems. Fuel cells may
operate 1n stationary, semi-stationary, or portable applica-
tions. Certain fuel cells, such as solid oxide fuel cells
(SOFCs), may operate in large-scale power systems that pro-
vide electricity to satisiy industrial and municipal needs.
Others may be useful for smaller portable applications such
as powering cars, for example

A tuel cell produces electricity by electrochemically com-
bining a fuel and an oxidant across an 1onic conducting layer.
This 1on1c conducting layer, also labeled the electrolyte of the
tuel cell, may be a liquid or solid. Common types of fuel cells
include phosphoric acid (PAFC), molten carbonate (MCFC),
proton exchange membrane (PEMFC), and solid oxide
(SOF(C), all generally named after their electrolytes. In prac-
tice, fuel cells are typically amassed 1n electrical series 1n an
assembly of fuel cells to produce power at useful voltages or
currents. Therefore, interconnect structures may be used to
connect or couple adjacent fuel cells 1n series or parallel.

In general, components of a fuel cell include the electrolyte
and two electrodes. The reactions that produce electricity
generally take place at the electrodes where catalyst 1s typi-
cally disposed to speed the reactions. The electrodes may be
constructed as channels, porous layers, and the like, to
increase the surface area for the chemical reactions to occur.
The electrolyte carries electrically charged particles from one
clectrode to the other and 1s otherwise substantially imper-
meable to both fuel and oxidant.

Typically, the tuel cell converts hydrogen (fuel) and oxy-
gen (oxidant) into water (byproduct) to produce electricity.
The byproduct water may exit the fuel cell as steam 1n high-
temperature operations. This discharged steam (and other hot
exhaust components) may be utilized 1n turbines and other
applications to generate additional electricity or power, pro-
viding increased efficiency of power generation. If air 1s
employed as the oxidant, the nitrogen 1n the air 1s substan-
tially inert and typically passes through the fuel cell. Hydro-
gen fuel may be provided via local reforming (e.g., on-site
stecam reforming) ol carbon-based feedstocks, such as
reforming of the more readily available natural gas and other
hydrocarbon fuels and feedstocks. Examples of hydrocarbon
tuels include natural gas, methane, ethane, propane, metha-
nol, syngas, and other hydrocarbons. The reforming of hydro-
carbon fuel to produce hydrogen to feed the electrochemical
reaction may be incorporated with the operation of the fuel
cell. Moreover, such reforming may occur internal and/or
external to the fuel cell. For reforming of hydrocarbons per-
formed external to the fuel cell, the associated external
reformer may be positioned remote from or adjacent to the
tuel cell.

Fuel cell systems that can reform hydrocarbon internal
and/or adjacent to the fuel cell may offer advantages, such as
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simplicity 1 design and operation. For example, the steam
reforming reaction of hydrocarbons 1s typically endothermic,
and therefore, internal reforming within the fuel cell or exter-
nal reforming in an adjacent reformer may utilize the heat
generated by the typically exothermic electrochemaical reac-
tions of the fuel cell. Furthermore, catalysts active in the
clectrochemical reaction of hydrogen and oxygen within the
tuel cell to produce electricity may also facilitate internal
reforming of hydrocarbon fuels. In SOFCs, for example, i
nickel catalyst 1s disposed at an electrode (e.g., anode) to
sustain the electrochemical reaction, the active nickel catalyst
may also reform hydrocarbon fuel into hydrogen and carbon
monoxide (CO). Moreover, both hydrogen and CO may be
produced when reforming hydrocarbon feedstock. Thus, fuel
cells, such as SOFCs, that can utilize CO as fuel (in addition
to hydrogen) are generally more attractive candidates for
utilizing reformed hydrocarbon and for internal and/or adja-
cent reforming of hydrocarbon fuel.

In general, high operating temperatures within the fuel cell
and the presence of the byproduct steam generally promote
internal or adjacent reforming of hydrocarbon. Advanta-
geously, excess steam 1n the fuel cell may reduce the deposi-
tion of elemental carbon within the tuel cell and 1n adjacent
reformers. On the whole, internal and/or adjacent reforming
and their integration with the fuel cell operation may improve
the efliciency and/or economics of the fuel cell operations.

Unfortunately, 1t 1s generally difficult to maintain a suifi-
ciently high steam-to-carbon ratio in all regions of a fuel cell
to prevent the formation of elemental carbon and the associ-
ated carbon deposition, especially if internal reforming is
intended to occur on an electrode (e.g., anode) along with the
clectrochemical reactions, for example. The tuel cell region
near the inlet 1s especially vulnerable to carbon formation.
That 1s, the entering fuel to be internally steam reformed 1s
starved for steam or liquid water (H,O) due to the typical
gradient of increasing H,O (e.g., steam) concentration from
the 1nlet to the outlet of the fuel cell. The H,O concentration
generally increases 1n the direction of fuel flow toward the
exit, and theretore, excess H,O 1s generally present at the exit
region of the fuel cell. Carbon 1s generally expected to form
near the cell inlet because the H,O concentration 1s lowest at
the inlet. Carbon deposition in the tuel cell can lead to poor
heat/mass transier, damage, and/or failure of the fuel cells.

Sustaining long term operation of fuel cells may be prob-

lematic due to accumulation of carbon deposits within the
tuel cell. Such carbon deposits are typically relatively worse
if fuel cells rely on carbon-based feedstocks instead of
cleaner hydrogen-based feedstocks. Eventually, the fuel cell
may need to be shut down or replaced, interrupting produc-
tion of electricity and increasing maintenance costs of the fuel
cell system, for example. Further, reformers or pre-reformers
used for external reforming and/or adjacent reforming may
also be subjected to significant carbon deposition. Therelore,
these reformers are also generally shut down for regeneration
(e.g., via steam), increasing operating and maintenance costs,
and reducing the efficiency of the overall fuel cell system.

-

T'heretore, there 1s a need for advancing the efficiency and
simplicity of internal and external reforming of hydrocarbon
tuels to feed the electrochemical reactions in fuel cells while
reducing the need to shutdown the fuel cell and/or associated
reformers due to regeneration and removal of carbon deposi-
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tion. There 1s a particular need to reduce and/or mitigate
carbon deposition 1n fuel cells and associated reformers.

BRIEF DESCRIPTION

In one embodiment of the present invention, a method of
operating a fuel cell 1s provided. The method includes react-
ing a fuel with an oxidant within the fuel cell to produce
clectricity and reaction products comprising steam, wherein a
concentration of the steam increases 1n a direction of a tflow of
the fuel through the fuel cell. Further, this embodiment pro-
vides for tlowing the fuel 1n a first direction through the fuel
cell, wherein a concentration of the steam increases 1n the first
direction through the fuel cell, and altering the tlow of fuel
from the first direction to a second (e.g., opposite) direction
through the fuel upon satistying a predetermined condition,
wherein altering the direction of fuel flow alters the concen-
tration of steam within the fuel cell to generally increasing in
the second direction.

In another embodiment the present technique provides for
flowing fuel through the fuel cell, and reacting the fuel with an
oxidant within the fuel cell to produce electricity and reaction
products comprising steam, wherein a concentration of steam
within the fuel cell generally increases 1n a direction of the
tuel tlow through the fuel cell. The direction of fuel flow
through the tuel cell 1s altered (e.g., reversed) upon satisiying,
a predetermined condition and without substantially inter-
rupting the production of electricity by the fuel cell, wherein
altering the direction of fuel tflow alters a concentration gra-
dient of the steam within the fuel cell.

In yet another embodiment, hydrocarbon fuel 1s fed
through a first reformer to the fuel cell, where the hydrocar-
bon fuel 1s reformed 1n the first reformer and reformed hydro-
carbon fuel i1s reacted with an oxidant in the fuel cell to
generate electricity. Exhaust from the fuel cell 1s discharged
through a second reformer to regenerate the second reformer
with the exhaust, wherein the exhaust comprises steam.

Other embodiments incorporate an arrangement of fuel
cells, a first reformer configured to reform feed to a first inlet
of the arrangement of fuel cells and, alternatively, to receive
an exhaust from a first outlet of the arrangement of fuel cells.
A second reformer 1s configured to reform hydrocarbon feed
to a second inlet of the arrangement of fuel cells and, alter-
natively, to receive an exhaust from a second outlet of the
arrangement of fuel cells.

Additional embodiments include a fuel cell, a first reformer
operatively coupled to a first inlet of the fuel cell and to a first
outlet of the fuel cell, and a second reformer operatively
coupled to a second 1nlet of the fuel cell and to a second outlet
of the fuel cell, wherein the first and second reformers are
configured to catalytically react a carbon-based fuel into at
least hydrogen.

DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 1s a diagrammatical representation of a fuel cell
system and depicting two operating modes of the fuel cell
system 1n accordance with embodiments of the present tech-
nique;

FI1G. 2 1s a tlow diagram of the fuel cell system of FIG. 1
operating 1n a first mode 1n accordance with embodiments of
the present technique;
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FIG. 3 1s a flow diagram of the fuel cell system of FIG. 1
operating 1n a second mode having a substantially reversed
direction of tuel flow relative to the first mode 1n accordance
with embodiments of the present technique;

FIGS. 4 and 5 are flow diagrams of the fuel cell system of
FIGS. 2 and 3, respectively, having an alternate exhaust con-
figuration 1n accordance with embodiments of the present
technique;

FIG. 6 1s a flow diagram of multiple fuel cell systems
having a common fuel-supply manifold and a common
exhaust mamfold 1n accordance with embodiments of the
present technique;

FIG. 7 1s a diagrammatical representation of an exemplary
tuel cell of FIGS. 1-6 1n accordance with embodiments of the
present technique;

FIG. 8 1s an exemplary fuel cell having a planar stack
configuration that may be employed 1n the fuel cell systems of
FIGS. 1-6 1n accordance with embodiments of the present
technique;

FIG. 9 1s an exemplary fuel cell having a tubular configu-
ration that may be employed 1n the fuel cell systems of FIGS.
1-6 1n accordance with embodiments of the present tech-
nique;

FIG. 10 1s a plot depicting an exemplary H,O-concentra-
tion gradient through an exemplary fuel cell 1n accordance
with embodiments of the present technique;

FIG. 11 1s a block diagram of an exemplary method for
reversing fuel flow through a tuel cell and/or assembly of fuel
cells 1n accordance with embodiments of the present tech-
nique; and

FIG. 12 1s a block diagram for an exemplary method for
reversing fuel flow through a tuel cell and/or assembly of fuel
cells based on reaching a predetermined amount of time 1n
accordance with embodiments of the present technique.

DETAILED DESCRIPTION

FIG. 1 depicts a fuel cell system 10 having two operating,
modes, as indicated by reference numerals 12 and 14, respec-
tively. As 1llustrated, the fuel cell system 10 includes an
assembly 16 of fuel cells, a first reformer 18, and a second
reformer 20. Further, multiple fuel cells are assembled in
series or parallel in the exemplary assembly 16 to produce
power at useful currents and voltages. Interconnecting mem-
bers may electrically couple adjacent fuel cells to form the
tuel cell assembly 16. The assembly 16 and individual fuel
cells may have planar configurations (e.g., planar stacks),
tubular configurations (e.g., tube bundles), and so on. The
clectrical current generated by the assembly 16 typically
returns to the assembly 16 of fuel cells, completing an elec-
trical circuit and returning electrons to accommodate the
clectrochemical cycle within the fuel cells. Moreover, while
the mlet/outlet of the fuel cell system 10 1s represented as
end-to-end, alternate configurations may be employed. Fur-
ther, while the reformers 18 and 20 are depicted adjacent to
the assembly 16 of fuel cells, the reformers 18 and 20 may
alternatively be disposed remote from the assembly 16.

The individual fuel cells within fuel cell assembly 16 each
include two electrodes and an electrolyte. In operation, the
tuel cells produce electricity by catalyzing fuel (e.g., hydro-
gen) and oxidant (e.g., air or oxygen) into ionized atomic
hydrogen at one electrode (e.g., anode) and into i1onized
atomic oxygen at another electrode (e.g., cathode). Hydrogen
or carbon monoxide (CO) in the fuel stream reacts with oxide
ions (O°7) from the electrolyte to produce water (i.e., steam or
liqguid water) or carbon dioxide (CO, ) and to deposit electrons
into the anode. The electrons pass outside the assembly 16 of
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tuel cells, through one or more electrical loads, and back to
the cathode where oxygen (e.g., from air) receives the elec-
trons and 1s converted into oxide 10ns which are mjected 1nto
the electrolyte.

In the case of solid oxide fuel cells (SOFCs), the electrolyte
includes a solid oxide, such as a ceramic. However, to achieve
adequate 10nic conductivity in a ceramic electrolyte, the fuel
cell system may operate at high temperatures, such as
between approximately 600° C. and 1100° C. At these tem-
peratures, internal reforming of carbonaceous fuels 1s gener-
ally possible. In addition, waste heat from such a device can
be utilized by conventional thermal electricity generating,
plants to increase fuel efficiency.

The exemplary reformers 18 and 20 typically include
reforming catalyst to assist in the reforming reaction. Steam
(not shown) 1s commonly supplied to the reformers 18 and 20
to convert hydrocarbon fuel into hydrogen and carbon mon-
oxide to feed the electrochemical reaction within the fuel
cells 1n the assembly 16. As indicated, steam reforming is
typically endothermic and, therefore, internal reforming (1.¢.,
reforming inside the tuel cell) or adjacent reforming (1.e., via
a reformer positioned adjacent to the fuel cells) may be 1nte-
grated with the fuel cell operation to facilitate control of high
operating temperatures and of the exothermic electrochemi-
cal reactions within the fuel cells. In certain types of fuel cells,
hydrocarbon fuels may be fed directly and reformed inter-
nally within the fuel cell to produce hydrogen (and CO) as
tuel for the electrochemical reaction. While fuel cells that can
reform hydrocarbon internal and/or adjacent to the fuel cell
may ofler advantages, internal reforming inside the fuel cell
(e.g., at the electrochemical catalyst and other locations) gen-
erally results in carbon deposition within the fuel cell. In
certain embodiments, carbon deposition may still occur in the
tuel cell even 11 the hydrocarbon fuels are reformed (or par-
tially-reformed) prior to entry to the tuel cell because residual
reforming may still occur inside the fuel cells 1n the assembly
16.

As discussed, the inlet region of the fuel cells within the
assembly 16 are prone to carbon deposition due to the rela-
tively lower concentration of H,O (steam or liquid water) at
the inlet. The electrochemical reaction within the fuel cell
generates H,O, and the result 1s a gradient of increasing H,O
concentration from the 1nlet to the outlet of the fuel cells. The
H,O concentration increases in the direction of fuel flow
toward the exit of the fuel cells within the assembly 16.
Therefore, again, the reforming reaction near the inlet gener-
ally 1s deficient 1n H,O. Accordingly, the reversal of fuel tlow,
as depicted 1n changing from mode 1 to mode 2 in FIG. 1,
reverses the H,O concentration gradient to beneficially
remove (e.g., via hydrothermal combustion) carbon deposi-
tion formed at the former 1nlet region of the previous mode.

The two operating modes 1 and 2 provide for different
directions of fuel flow (e.g., reversed) through the fuel cell
system 10. Again, upon reversal of the tlow of fuel through a
tuel cell within the assembly 16, the concentration gradient of
the byproduct steam through the fuel cells within the assem-
bly 16 1s altered or reversed, thereby modulating the gradient
ol the steam-to-carbon ratio through the fuel cell to lessen and
remove carbon deposition in the fuel cell. In operating mode
1, the fuel cell system 10 has a fuel inlet 22 (e.g., hydrocarbon
tuel) and an exhaust outlet 24 (e.g., steam enriched).

In mode 1, the first reformer 18 performs the reforming
reaction, converting hydrocarbon fuel into at least hydrogen
and carbon monoxide. IT applicable, the first reformer 18 may
act as a guard reactor to reduce the amount of reforming of
hydrocarbon that occurs internal within the assembly 16, and
therefore, reduces the amount of carbon deposition within the

10

15

20

25

30

35

40

45

50

55

60

65

6

assembly 16 and 1ts fuel cells. It should be noted, however,
that the assembly 16 may be configured for internal reforming
to complement the reforming of hydrocarbons performed in
external or adjacent reformers, such as the first reformer 18.
Indeed, the system 10 may be configured such that a certain
amount of reforming occurs 1n the reformer 18 and the bal-
ance of reforming occurs within the fuel cells themselves. In
various embodiments, the weight percent of the hydrocarbon
fuel entering the system 10 that 1s reformed within the fuel
cells can be any percentage ranging from about 0% to about
100% (e.g., about 5%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, and/or 95%), about 5% to about 95%, about
10% to about 90%, about 20% to about 80%, about 30% to
about 70%, about 40% to about 60%, and/or any intermediate
ranges and values within the given exemplary ranges, and so
forth. Such weight percents may be adjusted operationally,
for example.

In mode 1, the second reformer 20 generally does not
reform hydrocarbon for feed to the fuel cell assembly 16.
Instead, the second reformer 20 in mode 1 1s regenerated by
the exhaust 24 of the assembly 16. In other words, the second
reformer 20 1s configured as an exit reformer in mode 1 and 1s
under regeneration to revive the reforming catalyst 1n the
reformer 20. Both the heat and H,O in the exhaust stream 24
exiting the fuel cell assembly 16 facilitates the regeneration
(e.g., via hydrothermal combustion) of the second reformer
20 and the removal of carbon deposition. Such regeneration
of the second reformer 20 via the exhaust 24 of the assembly
16 facilitates substantially continuous operation of the fuel
cell system 10.

In operating mode 2, the direction of the fuel flow 1s
reversed through the fuel cell system 10. Such a reversal of
fuel flow may be implemented on-line without substantial
interruption to the operation of the fuel cell system 10. The
direction of the typically excess oxidant (not shown) fed to
the assembly 16 may be maintained in the same direction or
reversed with the tuel, depending on the configuration of the
tuel cell system 10 and other factors such as mitigating ther-
mal stresses, and so on. In mode 2, fuel 26 enters and exhaust
28 exits at opposite ends or sides of the fuel cell system 10
relative to operating mode 1. Therefore, the second reformer
20 1n mode 2 1s configured as the inlet reformer for reforming
hydrocarbon (e.g., natural gas) into hydrogen and carbon
monoxide, and may also act as a guard reactor of the assembly
16 11 desired. The first reformer 18 in mode 2 1s configured as
the exit reformer and 1s regenerated by the exhaust 28. The
heat and steam exiting the fuel cell assembly 16 1n the exhaust
28 regenerates the catalyst 1n first reformer 18 and removes
carbon deposition within the reformer 18. Further, as dis-
cussed, the reversal of fuel tlow substantially reverses the
gradient of steam concentration within the fuel cells within
assembly 16, thereby facilitating hydrothermal combustion
of carbon deposition at the preceding inlet (in mode 1) of the
tuel cells.

FIGS. 2 and 3 depict the exemplary fuel system 10 oper-
ating 1n modes 1 and 2, respectively. A fuel supply conduit 38
delivers fuel such as natural gas and hydrogen from a fuel
source through a three-way valve 40 either through conduit
42 in mode 1 or through conduit 44 in mode 2. When oper-
ating 1n mode 1 as depicted in FIG. 2, the fuel enters the
reformer 18 through conduit 42 as depicted by arrow 22. The
exhaust exits the second reformer 20 through a portion of
conduit 44 and through conduit 46 and exhaust valve 48, as
depicted by arrow 24. When operating in mode 2 as depicted
in FIG. 3, the fuel enters from the fuel source through conduit
38 and through a three-way valve 40. The fuel enters the
reformer 20 through a conduit 44, as indicated by arrow 26.
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The exhaust exits reformer 18 through a portion of the conduait
42 and through a conduit 50 and exhaust valve 52, as 1ndi-
cated by arrow 28. It should be emphasized that a variety of
piping and valving configurations including various types of
valves may be employed to accommodate the reversal of
flows for the fuel supply and exhaust. In the illustrated
embodiment, a three-way valve 1s employed for directing the
tuel supply. However, other arrangements, such as a double-
valve or multi-valve arrangement, a four-way valve, and so on
may be employed. Likewise, the exhaust valves may employ
such arrangements.

Typically, reforming a hydrocarbon fuel, such as natural
gas, with steam, 1n the first and second reformers 18 and 20
produces hydrogen and carbon monoxide, both of which can
be used as fuel 1n the electrochemical reactions in a solid
oxide fuel cell (SOFC), for example. This process 1s generally
energy intensive (1.e., the steam reforming reaction i1s endot-
hermic) and significant heat may be absorbed 1n the overall
reforming process. In the example of natural gas, the main
constituent 1s methane (CH,), which reacts with steam to
produce hydrogen and carbon monoxide (see equation (1)
below). Further, through the reforming process may also
incorporate a second reaction (see equation (2) below), some-
times called a gas shift reaction, where the carbon monoxide
1s converted to carbon dioxide and hydrogen.

CH,+H,0=>CO+3H, (1)

CO+H,0=>CO,+H, (2)

FIGS. 4 and 5 1llustrate a fuel cell system 10A and 60
respectively, having an alternate configuration of exhaust pip-
ing. FIGS. 4 and 5 and depict the exemplary fuel cell system
10A and 60 respectively, operating in modes 1 and 2, respec-
tively. A three-way valve 62 1s employed to recetve exhaust 24
and 26 from either conduit 46 or conduit 50, respectively,
depending on the operating mode. Therefore, 1n the 1llus-
trated embodiment, the single three-way valve 62 1s utilized
in lieu of the two exhaust valves 48 and 52 depicted 1n FIGS.
2 and 3. In operating mode 1 1n FIG. 4, the flow of exhaust 1s
generally mdicated by arrows 24 (see also FIG. 1). The
exhaust 24 exits through the second reformer 20 and travels
through exhaust condut 46 to the three-way valve 62. The
exhaust 24 exits the three-way valve 62 discharging into the
common exhaust conduit 64. In contrast, when operating 1n
mode 2 as depicted in FIG. 5, the flow of exhaust 1s generally
indicated by arrow 28 (see also FIG. 1). In mode 2, the exhaust
28 exits the reformer 18 and travels through exhaust conduit
50 to the three-way valve 62. The exhaust 28 exits the three-
way valve 62 flowing into the common exhaust conduit 64.
Again, 1t should be note that that a variety of piping and
valving configurations may be employed to handle the
exhaust exiting the fuel cell assembly 16 and reformers 18
and 20 1n the different operating modes.

FIG. 6 depicts an exemplary power system 70 having mul-
tiple fuel cell systems 10A which are configured and operated
in parallel 1n the 1llustrated embodiment. Fuel enters from a
tuel source through the supply conduit 34 which includes a
tuel supply manifold 72 and an optional check valve 74. In
this example, the check valve 74 1s disposed upstream of the
first branch point 76 1in the supply manifold 72 and prevents or
reduces any backtlow from the fuel cell systems 10A toward
the fuel source. Moreover, a piping flange or blind 78 1s
depicted at the end of the manifold 72 to provide for cleanout,
ispection, expansion of the manifold 72 for the addition of
tuel cell systems to the power system 70, and so forth.

Onthe exhaust side of the fuel cell systems 10A, an exhaust
manifold 80 collects the discharge from the exhaust conduits
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64 of the individual fuel cell systems 10A. In the illustrated
embodiment, the exhaust manifold 80 feeds a common
exhaust header 82. As with the fuel supply, the exhaust mani-
fold 80 may employ piping flanges and/or blinds 84 to pro-
vide for additional expansion, cleanout accessibility, inspec-
tion, and so on. Moreover, 1f desired, exemplary check valves
86 may be disposed on the one or more of the individual
exhaust conduits 64 to prevent or reduce any backtlow of
exhaust into the fuel cell systems 10.

FI1G. 7 depicts afuel cell 100, such as a solid oxide fuel cell,
that may be employed 1n the fuel cell systems 10 and 10A of
the previous figures. In general, the fuel cell 100 may be
constructed with two electrodes, an anode 102 and a cathode
104, disposed adjacent an electrolyte 106. In the illustrated
embodiment, the anode 102 and cathode 104 sandwich the
clectrolyte 106. Further, the anode 102 and cathode 104 may
be of porous construction to provide additional surface area
tfor the electrochemical reactions to occur.

In operation, an oxidant 114, such as air, flows along the
cathode 104 which may also be called the air electrode. When
air or oxygen 1s used as the oxidant, an oxygen molecule
contacts the cathode 104 at the interface 105 between the
clectrolyte 106 and cathode 104. In this example, the oxygen
molecule catalytically acquires four electrons from the cath-
ode 104 and splits into two oxygen 1ons. The oxygen ions 108
diffuse 1nto the electrolyte 106 material and migrate to the
other side of the cell 100 where they encounter the anode 102
which may also be called the fuel electrode. The oxygen 1ons
108 contact the fuel 116 (e.g., hydrogen, carbon monoxide) at
the iterface 107 of the anode 102 and electrolyte 106, and
react catalytically giving off water, carbon dioxide, heat, and
clectrons. The electrons transport through the anode 102 to
the external circuit via cable 110, and back to the cathode 104,
providing a source of useful electrical energy 112 1n an exter-
nal circuit. The exhaust of the cell 100 generally includes
excess air 118 and reaction products 120, such as carbon
dioxide and water.

FIGS. 8 and 9 depict two exemplary design configurations
for fuel cells (e.g., solid oxide fuel cells) that may be
employed 1n fuel cell systems 10 and 10A. FIG. 8 depicts a
tuel cell 130 having an exemplary planar design. In the planar
design 1n FIG. 8, the components may be assembled 1n stacks
with fuel 116 and oxidant 114 flowing through channels built
into the cathode 104 and anode 102. Interconnects 132 and
134 generally connect tuel cell 130 with adjacent individual
tuel cells 1n a tuel cell assembly (e.g., fuel cell assembly 136).
As 1llustrated, the interconnects 132 and 134 may have chan-

nels or other configurations to provide volumes or regions for
the tlow of fuel 114 and oxidant 116. For clarity, the anode
138 of an adjacent fuel cell 1s depicted in FIG. 8.

FIG. 9 depicts a fuel cell 140 having an exemplary tubular
design. In the tubular design depicted in FIG. 9, components
may be assembled 1n the form of a hollow tube, with the cell
140 constructed 1n layers around a tubular cathode 104, for
example. Oxidant 114 may flow through the inside of the tube
and fuel 116 may flow around the exterior. An interconnect
132 connects the exemplary fuel cell 140 to an adjacent fuel
cell in an assembly 16, for example.

FIG. 101s an exemplary plot 150 illustrating the molar ratio
152 of water (steam) to carbon through a fuel cell within the
fuel cell assembly 16 (see FIGS. 1-35), as a function of a
location along the internal length, L, of a given fuel cell.
Theretore, the plot 150 depicts the molar concentration gra-
dient 162 of water to carbon through the length 154, L, of a
typical tuel cell. The two y-axes are the molar ratios 152 and
156 of carbon to water at the inlet and outlet, respectively. The
x-axis 15 the length 154 or distance from the inlet to the outlet
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of the fuel cell. Again, the position of axis 152 represents the
inlet of the fuel cell and the position of axis 156 represents the
outlet of the tuel cell.

The molar concentration of water relative to carbon 1s
generally the lowest in the feed to the fuel cell, as depicted by
reference numeral 158. Indeed, 1n a typical operation, the fuel
cell 1s deficient or starved for water at the inlet region of the
tuel cell. In contrast, at the outlet (axis 156) of the fuel cell
(e.g., 1n the exhaust or eftfluent of the fuel cell), the water
concentration 1s generally the highest, as depicted by refer-
ence numeral 160. As a result, the carbon deposition and
carbon concentration 1s generally the least at the outlet (axis
156) and the greatest at the 1nlet (axis 152). Line 162 repre-
sents the gradient of increasing concentration of water (e.g.,
steam) though an exemplary fuel cell. Again, the internal
length of the fuel cell 1s depicted by axis 154. The variable “x”
depicted 1n FIG. 10 denotes the evaluated position along the
length, L, of the fuel cell.

FI1G. 11 depicts an exemplary method 170 for reversing the
flow of fuel through a fuel cell to reduce the amount of carbon
deposition within the fuel cell and to promote efficient
reforming of the fuel. The method 170 generally increases the
operability of the fuel cell and reduces shutdown time for
cleaning and/or regeneration of the fuel cell and any associ-
ated reformers. Further, the exemplary method 170 generally
increases operability by providing for a switch of the fuel-
flow direction without substantially interrupting operation of
the fuel cell or the production of electricity from the fuel cell.

Initially, 1n method 170, a switch parameter 1s generally
defined (block 172). The switch parameter may incorporate
several Tactors or variables and determined, for example, by
the designer, manufacturer, or user of the fuel cell system, and
so on. In one example, the switch parameter 1s based on a
measure of the efficiency of the fuel cell or of the fuel cell
assembly 16, or of the voltage output of the fuel cell or tuel
cell assembly 16. The switch parameter may be a specified
time period (e.g., operating time, calendar time, etc.) based on
operating history and/or conditions, and so on. Prior to satis-
tying the switch parameter, the fuel cell 1s operated (block
174) with the fuel substantially continuously fed 1n the same
general direction through the fuel cell. The fuel cell continues
to operate with the current direction of fuel tlow until the
parameter 1s reached or satisfied, as indicated at decision
block 176. The switch parameter may be satisfied, for
example, upon falling below a specified efficiency rating or
voltage output of the fuel cell (or tuel cell assembly 16).

During operation, as discussed, carbon tends to deposit in
any inlet (upstream) reformers and at the inlet region of the
tuel cell. However, when the switch parameter defined 1n
block 172 1s satistied (decision block 176), then the direction
of fuel flow through the fuel cell i1s altered or reversed, as
indicated by block 178. Therefore, the upstream reformer
may then become an exit or downstream reformer, and may be
regenerated by the high-temperature exhaust having excess
steam. Further this excess steam in the current outlet region
(which was the inlet region prior to reversing the tlow of fuel)
may facilitate removal of carbon deposition via hydrothermal
decomposition, for example. Lastly, at various times in the
execution of exemplary method 170, the switch parameter
may be adjusted or redefined, as indicated by decision block
180.

FI1G. 12 depicts an exemplary method 190 that 1s a particu-
lar example of method 170 for determining direction of flow
of fuel through the fuel cell based on a predetermined period
of time. In this example, the switch parameter 1s a specified
time of operating the fuel cell. Initially, the operating time
period, t, 1s determined (block 192) or specified. This prede-
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termined period of time may be based on a variety of factors
and variables, and may consider past operating history (e.g.,
percent operability, carbon deposition cycles, reformer
regeneration cycles, etc.) as well as current operating condi-
tions. On the other hand, the specified operating time to
switch the fuel flow direction may be merely arbitrary or
based on other factors, such as the electricity production
demands, expected presence of operating or maintenance
personnel, and so forth.
The fuel cell 1s operated (block 194) until the operating
time reaches the specified time period, t, as indicated by
decision block 196. Upon reaching the specified operating
time, the fuel flow 1s altered or reversed through the fuel cell,
as indicated by block 198. The iterative operating time 1s then
set equal to zero (block 200) and the fuel cell operates 1n the
new tlow direction of the tuel until the specified time period 1s
reached again.
While only certain features of the invention have been
illustrated and described herein, many modifications and
changes will occur to those skilled in the art. It is, therefore, to
be understood that the appended claims are intended to cover
all such modifications and changes as fall within the true spirit
of the mvention.
The mvention claimed 1s:
1. A method of operating a fuel cell, comprising:
flowing a fuel 1n a first direction through the fuel cell;
reacting the fuel with an oxidant within the fuel cell to
produce electricity and reaction products comprising
steam, wherein a concentration of the steam generally
increases 1n the first direction through the fuel cell; and

altering the flow of fuel from the first direction to a second
direction through the fuel cell upon satisiying a prede-
termined condition, so as to decrease the amount of
carbon deposition within the fuel cell;

wherein the predetermined condition comprises the fuel

cell falling below a specified efficiency rating; and
wherein altering the direction of fuel flow alters the
concentration of steam within the fuel cell to generally
increasing in the second direction.

2. The method of claim 1, wherein altering the flow of fuel
comprises substantially reversing the direction of the flow of
tuel, wherein the first direction 1s substantially opposite the
second direction.

3. The method of claim 1, wherein altering the flow of fuel
1s performed without substantially interrupting electricity
production by the fuel cell.

4. A method of operating a fuel cell, comprising:

flowing fuel through the fuel cell;

reacting the fuel with an oxidant within the fuel cell to

produce electricity and reaction products comprising
steam, wherein a concentration of steam within the fuel
cell generally increases 1n a direction of the fuel flow
through the fuel cell; and

altering the direction of Tuel tlow through the tuel cell upon

satistying a predetermined condition, so as to decrease
the amount of carbon deposition within the fuel cell;
wherein the predetermined condition comprises the fuel
cell, or an assembly of multiple fuel cells, falling below
a specified efficiency rating, and without substantially
interrupting the production of electricity by the fuel cell,
wherein altering the direction of fuel flow alters a con-
centration gradient of the steam within the fuel cell.

5. The method of claim 4, wherein altering the direction of
tuel flow comprises substantially reversing the direction of
tuel tlow.

6. The method of claim 4, wherein the predetermined con-
dition comprises falling below a voltage output or wattage




US 7,713,642 B2

11

output of the fuel cell or of an assembly of multiple fuel cells
comprising the tuel cell, so as to cause a decrease in the
specified efficiency rating.

7. A method of operating a fuel cell, comprising:

feeding hydrocarbon fuel through a first reformer to the
fuel cell;

reforming the hydrocarbon fuel in the first reformer;
reacting reformed hydrocarbon fuel with an oxidant in the
fuel cell to generate electricity;

discharging an exhaust from the fuel cell through a second
reformer; and

regenerating the second reformer with the exhaust,
wherein the exhaust comprises steam.

8. The method of claim 7, wherein reforming the hydro-
carbon fuel comprises catalytically converting at least a first
portion of the hydrocarbon fuel into hydrogen and carbon
monoxide.

9. The method of claim 8, comprising reforming a second
portion of the hydrocarbon fuel into hydrogen and carbon
monoxide internally within the fuel cell.

10. The method of claim 9, wherein the second portion
comprises less than 40 weight percent of the hydrocarbon fuel
that enters the first reformer.

11. The method of claim 7, wherein the second reformer 1s
regenerated via hydrothermal combustion.

12. The method of claim 7, wherein regenerating the sec-
ond reformer comprises regenerating catalyst in the second
reformer with the exhaust.

13. The method of claim 7, comprising substantially
reversing a direction of the hydrocarbon fuel, wherein the
hydrocarbon fuel 1s fed through the second reformer to reform
the fuel and the exhaust 1s discharged through the first

reformer to regenerate the first reformer.
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14. The method of claim 13, wherein reversing the direc-
tion of hydrocarbon fuel 1s performed upon satisiying a con-
dition.

15. The method of claim 7, wherein the hydrocarbon fuel
comprises natural gas.

16. The method of claim 15, wherein the fuel cell com-
prises a plurality of fuel cells.

17. A system, comprising:

an arrangement of fuel cells;

a first reformer configured to reform feed to a first inlet of
the arrangement of fuel cells and, alternatively, to
receive an exhaust from a first outlet of the arrangement
of fuel cells; and

a second reformer configured to reform hydrocarbon feed
to a second 1nlet of the arrangement of fuel cells and.,
alternatively, to receive an exhaust from a second outlet
of the arrangement of fuel cells.

18. The system of claim 17, wherein the first inlet com-

prises the second outlet.

19. The system of claim 17, wherein the second inlet com-
prises the first outlet.

20. The system of claim 17, wherein the arrangement of
tuel cells comprises an arrangement of solid oxide fuel cells.

21. A system, comprising:

a fuel cell;

a first reformer operatively coupled to a firstinlet of the fuel
cell and to a first outlet of the fuel cell; and

a second reformer operatively coupled to a second 1nlet of
the fuel cell and to a second outlet of the fuel cell,

wherein the first and second reformers are configured to
catalytically react a carbon-based fuel into at least
hydrogen and are configured to be regenerated via an
exhaust of the fuel cell.
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